Objective: The underlying pathophysiology of tremor in Parkinson disease (PD) is unclear; however, it is known that tremor does not appear to be as responsive to dopaminergic medication as bradykinesia or rigidity. It is suggested that serotonergic dysfunction could have a role in tremor development.
Tremor is a cardinal feature of Parkinson disease (PD) affecting approximately 70% of patients and generally manifesting asymmetrically. 1 Rest tremor has a characteristic frequency of 3 to 5 Hz whereas postural and action tremors are of higher frequency (4) (5) (6) (7) (8) . Postmortem 2 studies have shown loss of serotonergic (5-HT) projections in PD, although to a lesser extent than dopaminergic (DAergic) neurons. 11 C-DASB (11C-labeled 3-amino-4-[2-[(di(methyl)amino) methyl]phenyl]sulfanylbenzonitrile) PET imaging, a marker of serotonin transporter (SERT) binding, has shown that 5-HT dysfunction occurs early in PD 3 and that levels correlate with nonmotor symptoms such as depressive symptoms and alterations of body weight. 4, 5 Whereas L-dopa and dopamine agonists successfully relieve bradykinesia and rigidity, the response of parkinsonian tremor is variable. 6 Moreover, 18 F-dopa 7 and 11 C-raclopride 8 PET have failed to associate tremor scores with either pre-or postsynaptic DAergic mechanisms. These observations suggest that PD tremor may, at least in part, be generated by non-DAergic mechanisms. Early clinical trials in humans have suggested that agents acting on the 5-HT system, such as HT 2 agonists, can help attenuate tremor in PD. 9, 10 Identifying the underlying mechanisms of tremor will allow the development of new optimized therapies for the management of this poorly managed, troublesome symptom for patients with PD.
We hypothesized that PD tremor, unlike bradykinesia and rigidity, could be related to dysfunctions of the 5-HT system in areas related to motor function and we sought to investigate this in vivo using 11 C-DASB PET, a specific marker of the 5-HT transporter that can be used as an index of presynaptic 5-HT terminal integrity, 11, 12 together with clinical observations. METHODS Clinical evaluation. Twenty-four patients with idiopathic PD and 12 healthy controls were included in this study and provided written informed consent (see table for subject characteristics). Twelve of the patients had tremor-predominant PD and 12 had akinetic-rigid PD. Symptom predominance was defined according to subscale scores of Unified Parkinson's Disease Rating Scale motor part III (UPDRS-III). All patients were assessed with the UPDRS-III Motor Subscale on the day of the PET scan in an "OFF" medication state. Part III of the UPDRS is designed to assess the severity of the cardinal motor findings in patients with PD (e.g., tremor, rigidity, bradykinesia, postural instability). It contains 27 questions (for 14 items) for different body regions, scored from 0 (normal) to 4 (maximal severity) with a maximum (worst) score of 108.
Tremor and bradykinesia symptoms were assessed separately combining the appropriate UPDRS subitem scores. The tremor score comprised the sum of the items "tremor at rest" for face-lipchin, right and left hand, right and left foot, and "action or postural tremor" for right and left hand (maximum score 32). "Tremor at rest" and "action or postural tremor," however, were also evaluated separately to take into account different types of parkinsonian tremor or possible coexistence of essential tremor (ET). The bradykinesia score was the sum of the subitems "facial expression," "body bradykinesia," "arising from chair," right and left "finger taps," right and left "hand pronation/supination," and right and left "leg agility" (maximum score 36).
Depression scores for all patients were below the cutoff point for PD depression as assessed by the Beck Depression Inventory-II (scores ,17) and the Hamilton Rating Scale for Depression (scores ,14) and nondemented as assessed by the Mini-Mental State Examination.
Other clinical assessments included Hoehn and Yahr staging, calculation of the daily levodopa equivalent dose (LED).
Standard protocol approvals, registrations, and patient consents. The study was approved by the local ethics committee, and written informed consent was obtained from each participant.
Scanning procedures. All PET scans were performed using an ECAT HR 1 (CTI/Siemens 962) 3-dimensional (3D) PET tomography scanner, which covers a 15.5-cm axial field of view. The camera has a mean image transaxial resolution (3D mode) of 6.0 1 0.5 mm and an axial resolution of 5.0 1 0.8 mm at 10 cm distance from the center. 13 The 11 C-DASB scanning protocol involved a 3D acquisition over 90 minutes initiated 30 seconds after a mean bolus injection of 450 MBq of 11 C-DASB. Twentyeight time frames of tissue data were generated. Patients underwent a volumetric T1 MRI using a 1.5-tesla MRI (Picker Eclipse) for the purposes of image registration and to facilitate anatomical localization of the regions of interest (ROIs). Head position relative to the camera laser light was monitored throughout the scans and was repositioned if movement was detected. Patients were scanned in a room with low light and no noise and while in a resting state. All patients had their medication stopped at least 18 hours before scanning. 11 C-DASB PET image analyses. ROI analysis. After reconstruction of the 11 C-DASB image volumes, the mean 11 C-DASB image volume was created from the entire dynamic data set using an inhouse software package. A standardized template of highcontrast ROIs were aligned and resliced to match the dimensions of the PET images, and 11 C-DASB ROI time-activity curves (TACs) were extracted. Motion correction was applied using a frame-by-frame realignment procedure as previously described. 14, 15 Subject MRIs were transformed to a voxel size of 1 mm 3 , centered on the anterior commissure, and aligned to the anterior-posterior commissure line. MRIs were coregistered to the mean PET volume using the Mutual Information Registration algorithm and realign function in Statistical Parametric Mapping (SPM)2 (Wellcome Department of Cognitive Neuroscience, Institute of Neurology) implemented in MATLAB 6.5 (The MathWorks Inc., Natick, MA). Definition of ROIs was performed on the coregistered MRI aided by the Duvernoy 3D sectional atlas. 14 ROIs were defined manually on both hemispheres for cerebellum, ventral and dorsal raphe nuclei, caudate nucleus, and putamen. To account for possible partial volume effects, ROI volumes were standardized across subjects. Sampling of ROIs produced new TACs that were checked against intrascan notes and for movement correction improvement. ANALYZE medical imaging software (version 8.1, Mayo Foundation) was used for processing the ROIs and TACs. 11 C-DASB nondisplaceable binding potential (BP ND ) (distribution volume ratio of a receptor-containing region to a reference region minus 1) 11, 15 was estimated in each ROI using the Logan method. 16 The cerebellum, excluding the vermis, was used as a reference region for nonspecific binding. 17 SPM analysis. The PET data for the tremor-predominant PD group were also analyzed by SPM in order to confirm the ROI analysis findings. SPM is able to delineate small regions more accurately than the voxel-by-voxel ROI method. SPM analysis was conducted using SPM99. The BP images were normalized into a standard stereotaxic Montreal Neurological Institute space with a normal 11 C-DASB PET template using SPM2 software implemented in MATLAB 6.5. All BP images were then smoothed to 6 3 6 3 6 mm full width at half maximum to improve the signal-to-noise ratio. Smoothed and normalized BP images were then entered into a 1-sample t test. By specifying a contrast of "1," decreases in 11 C-DASB binding could be visualized on a canonical T1 MRI.
Meteorologic data. Meteorologic data (London Office, UK)
for the periods of the assessments were also acquired to account for confounding factors of weather and seasonal changes on 11 C-DASB binding as previously described (data not shown). 5 Statistical analyses. Statistical analyses were performed using SPSS software package (version 16; SPSS Inc., Chicago, IL) for Windows. For all comparisons, SDs were checked for statistical differences and Gaussian distributions with Bartlett, Kolmogorov, and Smirnov methods for applying corrections (Welch). Using Pearson correlation statistics (r), we investigated whether total tremor and tremor subtype scores correlated with 11 C-DASB binding (corrected for multiple comparisons) in the patients with PD. Analysis of variance was used to test for 11 C-DASB differences between the PD subgroups and normal controls, applying the Tukey-Kramer posttest correction.
RESULTS Clinical findings. PD patient groups were comparable for age, disease duration, medication intake, and UPDRS-III score in the practically defined OFF medication state (table) . The tremor-predominant PD group had significantly higher resting and actionpostural tremor scores. The akinetic-rigid PD group had significantly higher bradykinesia scores and tremor/bradykinesia ratios (table) .
ROI analysis. The tremor-predominant PD group showed significantly lower 11 C-DASB BP ND values compared with the akinetic-rigid PD group and normal controls in caudate (average 5 0.794 vs 0.988, p , 0.001, F 5 11.46) and putamen (average 5 0.954 vs 1.107, p , 0.005, F 5 6.39). The tremor-predominant group showed a trend for lower raphe nuclei 11 C-DASB BP ND values compared with the akinetic-rigid PD group and normal controls although statistical significance was not reached. Reduced levels of 11 C-DASB BP ND in caudate, putamen, and raphe nuclei in the group of patients with tremulous PD significantly correlated with higher action-postural tremor scores (figure 1) but not with resting or total tremor scores. No correlations were found between 11 C-DASB BP ND and tremor scores in the akinetic-rigid PD group or between 11 C-DASB BP ND and bradykinesia or rigidity scores in either PD group (all p . 0.1).
Voxel-based SPM. Following our a priori hypotheses, several regions were drawn in ANALYZE medical imaging software (version 8.1, Mayo Foundation) to mask the SPM analysis. The voxel-based analysis confirmed findings from the ROI analysis showing significant decreases in 11 We found no significant correlations (all p . 0.1) between total tremor or subtype tremor scores with disease duration, age, sex, or DAergic medication intake (daily LED TOTAL ).
DISCUSSION Using 11 C-DASB PET, we have demonstrated in vivo relative reductions in 5-HT terminal function in the caudate, putamen, raphe nuclei, thalamus, and Brodmann areas 4 and 10 in patients with tremor-predominant PD compared with those who had akinetic-rigid PD and normal controls. Furthermore, the loss of 5-HT terminal transporter binding in caudate, putamen, and raphe nuclei in patients with tremor-predominant PD correlated with the severity of postural tremor, highlighting the possible role of presynaptic 5-HT terminal dysfunction in the motor-related regions in generating postural and action tremors in PD. We did not detect correlations between 11 C-DASB binding in any brain regions with resting or total tremor scores indicating that postural and resting tremors could have different underlying pathophysiologies. Degeneration of the DAergic system is considered the pathologic hallmark of PD and tremor is one of the cardinal symptoms of PD. To date, both animal models 2 and in vivo studies utilizing 18 F-dopa PET 9 and 11 C-raclopride 10 have demonstrated that levels of reduced striatal DA function are not clinically correlated with tremor but rather with bradykinesia and rigidity.
It is known that the 5-HT system is affected early in PD, although this appears to occur at a slower rate and in a nonlinear fashion compared with the DAergic system. 3 Only one previous PET investigation has specifically examined the relationship between tremor and the 5-HT system in PD. 18 Using 11 C-WAY100635 PET, a reduction of midbrain 5-HT 1A receptors was found in PD that correlated with the severity of resting tremor. However, 5-HT 1A receptors are present both pre-and postsynaptically and in this study, 18 only healthy individuals served as the control group, making it difficult to ascertain the exact mechanism. Our findings show that 5-HT dysfunction in the raphe nuclei, which is the source of 5-HT transmission, is implicated in action-postural tremor and the 5-HT dysfunctions are extended to a motor circuitry including the striatum, thalamus, and the primary motor cortex (figure 2) in a group of patients with well-defined tremor-predominant PD. Moreover, motor circuitry 5-HT dysfunctions correlate with severity of tremor on posture and action. It is possible that resting tremor possesses a serotonergic substrate related more specifically to postsynaptic mechanisms, as evidenced by Doder et al. 18 Our study utilized 11 C-DASB, a marker of presynaptic SERT only; thus, we were unable to detect any influence of the postsynaptic mechanisms involved in resting tremor in our patients.
The striatum, a region strongly associated with PD pathology, is densely innervated with 5-HT projections from the raphe nuclei 19 and also forms part of the ganglio-thalamocortical network. This network, which is known to function as part of the motor pathway, also includes the thalamus and the region functionally related to the premotor cortex: Brodmann area 4. The main function of raphe nuclei is to release 5-HT, therefore the loss of raphe neurons, i.e., due to Lewy body pathology, is likely to result in the subsequent disruption of its projections. In this study, we did not detect statistically significant differences in 11 C-DASB values within the raphe nuclei among the 3 groups, although a reduction of SERT functioning was detected in the tremor-predominant group. As previously reported, 3 reduction of SERT functioning occurs in a nonlinear fashion, with raphe nuclei affected in advanced PD, compared with dorsal striatal and cortical areas, which demonstrate reduced functioning in early and established PD. It is likely that raphe nuclei, as the most densely innervated area of SERT, possesses increased compensatory mechanisms and that the raphe nuclei projections are affected before the reduction of SERT functioning in the raphe nuclei itself. It is this disruption that would ultimately cause a profound denervation in remote areas of the brain such as the striatum and motor cortex, and these changes may have relevance to the development of action-postural tremor. [20] [21] [22] In this study, we detected clinical correlations of actionpostural tremor scores with loss of 5-HT in the raphe nuclei, caudate, and putamen, but the thalamus and Brodmann area 4 denervation was only detected following the more stringent SPM analysis, providing support that degeneration of the 5-HT system starts in the raphe nuclei, extending to remote areas as the disease progresses.
Remote 5-HT dysfunction in tremor has been indicated in a recent dopamine transporter (DAT) with FP-CIT (fluoropropyl-carbomethoxy-iodophenyltropane) SPECT study of patients with PD and ET, which found that DAT binding levels were similar in both groups but reported a correlation between tremor and DAT binding in the caudate of patients with ET and not the patients with PD. 23 This could implicate caudate involvement in postural tremor in ET but that in PD, the DAergic system is not implicated. Also, lesions in the caudate after cerebral infarction have produced tremor in these patients. 24, 25 In one report, L-dopa was administered, but the patient's unilateral tremor, which had rest, postural, and action components, was unresponsive, thus indicating that the tremor was not influenced by L-dopa-accessible DAergic mechanisms. 26 There are early reports of beneficial effects on PD tremor after administration of agents acting on the 5-HT system. For example, global tremor scores were found to improve in 40 patients over 8 weeks after administration of tryptophan, a biochemical precursor of 5-HT, in addition to the L-dopa therapy. 9 Additionally, the 5-HT 2 receptor agonist, ritanserin, has also produced an improvement of resting tremor in patients with PD. 10 Herein, we have demonstrated that there is a generalized 5-HT dysfunction in motor-related regions in patients with tremor-predominant PD, and that 5-HT transporter functional loss in caudate, putamen, and raphe nuclei is clinically related to the development of action-postural tremor in these patients. Therefore, it is conceivable to consider the use of non-DA medications for the treatment of tremor in PD in cases whereby DAergic medication fails to have an effect.
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